SUMMARY
Substrate-specific outer membrane (OM) channels of Gram-negative bacteria mediate uptake of many small molecules, including carbohydrates. The mechanism of sugar uptake by enterobacterial channels such as E. coli LamB (maltoporin) has been characterized in great detail. In pseudomonads and related organisms, sugar uptake is not mediated by LamB, but by OprB channels. Beyond the notion that OprB channels seem to prefer monosaccharides as substrates, very little is known about OprB-mediated sugar uptake. Here I report the X-ray crystal structure of an OprB channel from Pseudomonas putida F1. The structure shows that OprB forms a monomeric, 16-stranded β-barrel with a constriction formed by extracellular loops L2 and L3. The side chains of two highly conserved arginine residues (Arg83 and Arg110) and a conserved glutamate (Glu106) line the channel constriction and interact with a bound glucose molecule. Liposome swelling uptake assays show a strong preference for monosaccharide transport over disaccharides. Moreover, substrates with a net negative charge are disfavored by the channel, likely due to the negatively charged character of the constriction. The architecture of the eyelet and the absence of a greasy slide provide an explanation for the observed specificity of OprB for monosaccharides rather than the oligosaccharides preferred by LamB and related enterobacterial channels.
Gram-negative bacteria have substratespecific channels in the OM for the selective uptake of solutes from the external environment (1) . A number of such channels have been studied in detail by genetic, biochemical and structural approaches. This has led to the elucidation of substrate uptake mechanisms for e.g. FadL-mediated uptake of long-chain fatty acids in E. coli (2) and for phosphate uptake by P. aeruginosa OprP (3). The best-studied OM uptake channels are the carbohydrate-selective channels LamB and the closely related sucrose channel ScrY that are found within Enterobacteriaceae. Genetic and biochemical analyses of LamB identified the involvement of some of the extracellular loops in binding and orientation of the substrate (4, 5) . Subsequent crystallographic and mutagenesis studies clarified the actual transport step through the constriction, or "eyelet", of the channel. Important roles were discovered for the "greasy slide", a striking, helical row of aromatic residues protruding from the wall of the barrel and lining the channel (6, 7) . The aromatic rings of the greasy slide interact via van der Waals interactions with the glycosyl moieties of the substrate. In addition, hydrogen bonds between ionizable residues and substrate hydroxyl groups are found to be important for substrate translocation (8) . In common with the general, large channel porins, most of these charged residues are located within the extracellular loop L3 that folds inwards and constricts the channel. The architecture of the LamB channel explains the pronounced preference of the Enterobacterial sugar channels for oligosaccharides over monosaccharides.
Pseudomonads and related soil bacteria are characterized by a lack of large-channel porins in the OM. Instead of porins, a large number (~ 30) of substrate-specific channels mediates uptake of nutrients and ions (9, 10) . Despite their metabolic versatility, Pseudomonads have only a limited ability to metabolize sugars (11) . The exception is glucose metabolism, which is biochemically diverse (12) . OprB is an OM channel that is part of a high-affinity uptake system for glucose that was first described for Pseudomonas aeruginosa by Hancock et al. (13) . Subsequent in vitro and in vivo studies showed a substrate preference of OprB for monosaccharides (14) (15) (16) , which is very different from LamB and related channels. Beyond the substrate specificity, however, not much is known about OprB, mainly due to a lack of structural information. Here we present two crystal structures of P. putida OprB, one at low pH and one at high pH in the presence of glucose. The high pH structure shows that OprB forms a monomeric 16-stranded β-barrel with a novel pore constriction involving loops L2 and L3. The absence of a greasy slide and the architecture of the eyelet provide an explanation for the preference of OprB channels for monosaccharide substrates.
EXPERIMENTAL PROCEDURES
Cloning, Expression and Purification of proteins. The mature parts of OprB and OprP proteins were amplified from genomic DNA and cloned into a modified E. coli expression vector pB22 (17, 18 ) that expresses OM proteins as a fusion with the signal sequence of the E. coli YtfM OM protein. Upon expression and signal peptide cleavage, the proteins have the following N-terminal extension: ANVRLQHHHHHHHLE. For protein expression, BL21(DE3) T1 phageresistant cells (New England Biolabs, Ipswich, MA) were transformed with pB22 constructs. The cells were grown to OD 600 ~ 0.5 at 37ºC and then induced with 0.1% arabinose at 20°C for ~16 h. Cells were harvested by centrifugation at 4200 rpm for 12 min (Beckman Coulter, J6-MC). Cell pellets were suspended in TSB (20 mM Tris, 300 mM NaCl, pH 8.0) and cells were lysed in a microfluidizer (Emulsiflex C-3; Avestin). Cell lysates were centrifuged at 42,000 rpm for 45 min (45Ti rotor; Beckman). Total membrane pellets were solubilized in 0.5% laurylsarcosine for 30 min at room temperature with stirring, to extract inner membrane proteins. Upon centrifugation for 30 min at 42,000 rpm the pellets were extracted with 2-3% (w/v) of Elugent (Calbiochem) by stirring at 4 ºC for 1 hr. The extract was re-centrifuged at 42,000 rpm for 30 min and the supernatant was applied to a 10 ml nickel column. The column was washed with 10-15 column volumes (CV) TSB containing 0.2% b-decylmaltopyranoside (DM) and 20 mM imidazole. Proteins were eluted with 3 CV TSB containing 0.2% DM and 200 mM imidazole. Purification was done by gel filtration chromatography in 10 mM Tris/50-100 mM LiCl or NaCl/0.12% DM pH 8. For crystallization studies, this column was followed by a second gel filtration column in 10 mM Tris/100 mM LiCl or NaCl/0.3-0.4% C 8 E 4 pH 8. The purified protein was concentrated to ~10 mg/ml using 50 kDa molecular weight cutoff filters (Amicon) and directly flash-frozen in liquid nitrogen. Seleno-methionine (SeMet) substituted protein was produced in BL21(DE3) T1 phageresistant cells by inhibition of the methionine biosynthesis pathway (19) , and purified as described above without using EDTA or reducing agents. Methionine mutants of F1OprB-1 were obtained using the QuikChange mutagenesis kit (Stratagene). Two mutants were made: one with two extra methionines (L220M/V222M) for a total of four (4Met). The other mutant contained an additional two methionine residues (L415M/I417M) to give a total of six (6Met).
Crystallization of OprB and structure solution. Before crystallization, 50 mM DGlucose in crystallization buffer was added to the protein from a 0.5 M stock solution and incubated for 1 hr on ice prior to setting up trays. Concentrations of glucose higher than 50 mM were also tried, but these were detrimental for obtaining crystal form 2. For both crystal forms, initial crystallization trials were performed at 293 K using a Gryphon crystallization robot (Art Robbins Instruments) and by sitting-drop vapor diffusion, using various in-house screens. The initial hits were optimized by fine-screening with larger drops using hanging drop vapor diffusion. Crystal form 1 was obtained from the 6Met mutant, and grew as large plates from 50 mM Na-citrate/0.2 M Na-formate/35-40% PEG400 pH 4. The space group of this crystal form is I222, and there is one molecule within the asymmetric unit (V m = 3.5; 65% solvent). Crystal form 2 was obtained from the 4Met mutant, using 50 mM Tris-HCl/0.2 M KH 2 PO 4 /10% PEG 4K pH 8.5. The space group of these crystals is P3 1 21 , with one molecule of OprB within the asymmetric unit (V m = 4.3; 71% solvent). For phasing, SAD data sets at the selenium peak were collected for both crystal forms at beamline X6A at the National Synchrotron Light Source at Brookhaven National Laboratory. Data were indexed and scaled with HKL2000 (20) . Initial phasing and automatic model building was done by AUTOSOL (21) within PHENIX (22) , using the data for crystal form 2 (4Met). This resulted in ~50% of the residues being built. Four (out of four) selenium atoms were located in the asymmetric unit. Further model building was performed manually using the program COOT (23). The protein model was refined with PHENIX. Statistics for the collected data and refinement are described in Table 1 . One Ramachandran outlier is present in the refined 4Met OprB structure (Ala3, with Phe4 and Asp73 is generously allowed regions). For the less well-ordered 6Met structure, two residues (Phe126, Asn144) are within the disallowed region of the Ramachandran plot (Glu8, Trp71, Trp171 and Glu196 are in generously allowed regions).
Liposome Swelling Assays. Osmotically active liposomes were prepared as described previously (24). Briefly, 5 mg of egg phosphatidylcholine (Avanti Polar Lipids, Alabaster, Al) and 2 mg of dicetylphosphate (Sigma, St. Louis, Mo) in chloroform were dried under a nitrogen stream, followed by drying overnight in an evacuated dessicator. The dried lipid film was resuspended in 0.2 ml water after which 20-30 µg of C 8 E 4 -purified OprB was added (2 µl or less in volume). The suspension was then sonicated in a bath sonicator for 15-20 mins (Model G112SPIT, Laboratory Supplies Company, Hicksville, NY). The liposomes were dried overnight in an evacuated dessicator. The dried film was gently resuspended in 0.4 ml of 10 mM HEPES, pH 7.0 containing 12 mM stachyose (Sigma). After standing at room temperature for 2 hrs, the liposomes were used in the assay. Control liposomes were prepared by addition of buffer without protein. For the uptake assays, 7-8 µl of the proteoliposomes were added to 100 µl of substrate solutions (7-15 mM) in 10 mM HEPES, pH 7.0. Liposome swelling was measured by monitoring changes in optical density at 400 nm at 17 s intervals for 600 s (TECAN, Safire, Männedorf, Switzerland). The substrate concentration isoosmotic to the intra-liposomal milieu was determined by identifying the concentration of substrate that caused a change in OD 400 of at most ± 0.5% upon dilution in control liposomes. Readings (4-6) were averaged and corrected for the average absorbance change in the control liposomes, and were normalized to the optical density at time zero for each time course. For testing the uptake activity of reduced OprB, the detergent-purified protein (pH 8) was first reduced in 5 mM DTT for 30 min at room temperature prior to reconstitution. All solutions used subsequently contained 0.5 mM DTT in order to keep the protein reduced.
RESULTS
Structure determination of OprB. The project was initiated starting with OprB from P. aeruginosa (PaOprB). There are two annotated orthologs in this organism, PA3186 and PA2291 (http://www.pseudomonas.com). These proteins differ only in one residue, and can therefore be considered identical. We obtained several crystal forms of PaOprB, but after optimization these did not diffract well enough for structure determination. We next switched to the biodegrader strain P. putida F1. This organism has two OprB orthologs, one with 80% identity to PaOprB (Pput 1057; F1OprB-1) and another that is 68% identical to PaOprB (Pput 4276; F1OprB-2). Both OprB proteins expressed well in the OM of E. coli and both yielded a number of crystal forms. Since those of F1OprB-1 were the most promising, we focused on this ortholog. F1OprB-1 has only two methionines in a total of 421 residues (Mw ~47 kDa), and we therefore constructed two mutant proteins with additional methionine residues to facilitate structure determination by selenium-SAD. The methionines were introduced in predicted trans-membrane strands (25) to replace outward-facing hydrophobic residues that would be exposed to the OM. The first mutant protein has two additional methionine residues in predicted β-strand S8 (L220M/V222M) for a total of four (4Met). The second mutant protein has another two methionines within the C-terminal β-strand (L415M/I417M), for a total of six (6Met). After optimization of initial crystal hits for both proteins, two crystal forms were obtained that diffracted to 3.5-4 Å on a home source. The first crystal form obtained originated from the 6Met mutant. These crystals grew as large plates from 50 mM Na-citrate/0.2 M Na-formate/35-40% PEG400 pH 4 (crystal form 1). The second crystal form was obtained from the 4Met mutant. Interestingly, the crystallization conditions are completely different from those of the 6Met protein, with small diamondshaped blocks growing from 50 mM TrisHCl/0.2 M KH 2 PO 4 /10% PEG 4K pH 8.5 (crystal form 2). Selenium-SAD data at the selenium peak were collected for both crystal forms. As the resolution of the data was better for crystal form 2 (2.7 Å compared to 3.1 Å for crystal form 1) the F1OprB-1 structure was solved using crystal form 2. The final model has an R/R free of 18.8/23.9 % (see Experimental Procedures and Table 1 ). In the following we discuss the high-pH structure of OprB. The low pH structure, showing substantial disorder in the extracellular loops, is discussed in the Supplementary Materials.
OprB forms a monomeric 16-stranded β-barrel. The available literature for OprB suggests that it forms a trimer, analogous to LamB and the general porins of E. coli (14) (15) (16) 26 ). These notions were not based on actual data, however. The crystal structure demonstrates that OprB in fact forms a monomer ( Fig. 1A and Supplementary Fig. 1 ). The monomeric character of the protein is also evident from the behavior on SDS-PAGE (Fig. 1B, lanes 1 and 2) . Without boiling (lane 2), most of the protein migrates at a lower apparent molecular weight (~30 kDa), indicative of a monomeric, folded structure. This behavior is consistent with that reported previously for several other OprB orthologs (14) (15) (16) 26 ). The minor fraction migrating at the predicted molecular weight (~47 kDa) likely means that the protein slowly unfolds at room temperature in the SDS sample buffer. Upon boiling (lane 1), all of the OprB unfolds and migrates at ~47 kDa, i.e. OprB is heat modifiable. By contrast, trimeric OM proteins such as P. aeruginosa OprP (3) and the general E. coli porins OmpF/C all migrate as trimers without boiling in SDS (Fig. 1B, lanes  3 and 4) . Surprisingly, the OprB barrel consists of 16 β-strands, which differs from the 18 strands predicted by e.g. PRED-TMBB (25). Density is visible for the entire protein (Glu2-Phe421; numbering for the mature protein), with the exception of the N-terminal alanine residue and the N-terminal extension that includes the histidine tag (see Experimental Procedures). Several of the extracellular loops are quite long, most notably L5 and L7, with the latter containing an approximately 15-residue-long α-helix. Because of these two loops, the extracellular part of the protein is asymmetric, with a wall extending from the transmembrane part on only one side (Fig.  1A) . The pore restriction ("eyelet") of the OprB channel is formed by the long inwardfolded loops L2 and L3 (Fig. 1C) . Loop L3 (residues 136-175) contributes to the eyelets of all known 16-and 18-stranded β-barrels, albeit in different ways compared to OprB. By contrast, the involvement of loop L2 (residues 81-116) in forming the eyelet is unique to OprB. The importance of loops L2 and L3 for channel function is clear from the large number of conserved residues stabilizing their conformations ( Fig. 2 and Table 2 ).
Interestingly, loop L2 is important for trimer stability in almost all trimeric OM channels (27,28), as it folds outwards and interacts extensively with a neighboring monomer. Thus, the conformation of L2 in OprB likely contributes to the monomeric character of this channel. However, since many residues outside of the L2 loop in porins form interface contacts (29) it is unlikely that the observed differences in oligomeric state are caused solely by differences in loop L2.
The OprB pore is located approximately in the center of the protein and has an oval shape with dimensions of ~9 Å x 7 Å (atomcenter to atom-center; hydrogens excluded). An interesting feature in the OprB structure is the disulfide bond formed by the two cysteine residues in the protein, Cys148 and Cys156 (Fig. 1D) . This disulfide bond constrains the end of loop L3 and lines the pore. The fact that the cysteine residues are absolutely conserved in OprB orthologs ( Fig. 2 and Supplementary Fig. 2 ) suggests that the disulfide could be important for transport. However, given the very similar substrate uptake mediated in liposome swelling experiments by reduced and oxidized OprB (Fig. 3) , the data suggest that the disulfide may not be important for transport, but could play a role in proper folding and/or OM insertion of the channel.
In terms of the global fold of OprB, a DALI search (30) identifies the phosphate channel OprP from P. aeruginosa as the closest structural homolog of OprB, with a C α r.m.s.d of ~3 Å over approximately 300 residues (Z = 22.5). Slightly lower Z-scores are obtained for several general porins, such as E. coli OmpF and OmpC. Thus, despite sequence identities that are only 10-13%, OprB is a monomeric member of a large superfamily of trimeric 16-stranded β-barrels that includes the general porins of Enterobacteriaceae and P. aeruginosa OprP.
OprB does not have a greasy slide for sugar binding. Previously, the OprB protein from P. aeruginosa was shown to be selective for a number of small sugars such as glucose, fructose, mannitol and glycerol, with glucose being a preferred substrate (13, 15) . Similar results were obtained for a P. putida OprB ortholog (14) . We performed liposome swelling experiments for purified F1OprB-1 and obtained transport profiles that confirmed a preference for glucose and other monosaccharides (Fig. 3) and very low transport activities for disaccharides such as sucrose and maltose. Based on these results, all crystallization experiments with OprB were performed in the presence of 50 mM Dglucose. OprB did not mediate uptake of gentamycin, an aminoglycoside antibiotic containing three sugar molecules. Interestingly, despite the high concentration gradients in the assay (mM), the uptake of the carboxylated sugar glucuronate is ~ 4-fold slower than that of glucose, indicating that negatively charged substrates are poor substrates for OprB. In order to determine whether OprB can transport other small molecules besides sugars, we also tested uptake of lysine, arginine and glutamic acid (Fig. 3) . The data show that OprB, at least in the presence of high substrate concentrations, also transports non-sugar substrates with a molecular weight similar to monosaccharides. Glutamic acid is a poor substrate, again demonstrating that the OprB channel is refractory to negatively charged substrates. These data are in excellent agreement with the electrostatic properties of the channel, which clearly show that the channel mouth is predominantly negatively charged (Fig. 4) .
Inspection of the eyelet of the channel reveals density that is incompatible with the other small-molecule components of the crystallization solution, i.e. phosphate and Tris buffer. The density therefore corresponds most likely to a bound glucose molecule ( Supplementary Fig. 3 and Fig. 5 ). The fact that the density is not very strong may be due to several factors. First, the resolution of the data is fairly limited (2.7 Å). Second, anomerization could have resulted in a mixed population of α-and β-D-glucose molecules that might be bound to the channel in a slightly different way. Finally, it is possible that the substrate affinity is sufficiently low for the glucose to have a partial occupancy in the channel even at 50 mM concentration. A previously reported half-saturation constant of 110 mM for glucose binding to P. putida (ATCC12633) OprB would be consistent with this possibility (14) . In any case, additional support for the assignment of the channel density as glucose is provided by its similarity to the density of some of the glucose moieties of the β-decylmaltoside (DM) detergent molecules that are bound to the protein ( Supplementary Fig. 4) .
The substrate in the channel is contacted by the residues Arg83, Glu106, Trp108, Gly109, Arg110, Asn170 and Trp171. Of these residues, Trp108 and Trp171 interact with the substrate only with their backbone atoms (Fig. 5C ). This is a striking observation, since side chains of aromatic residues play crucial roles in substrate binding in other OM sugar channels (see Discussion). In fact, despite the presence of 57 aromatic residues (13.5% of the total), Trp171 is the only aromatic side chain that lines the channel and is positioned favorably to interact with passing substrate molecules. Thus, OprB does not have a greasy slide for sugar transport, and polar contacts between the channel and substrate dominate. These polar contacts consist of hydrogen bonds between the substrate and several side chains of OprB, i.e. two arginine residues (Arg83 and Arg110), a glutamate (Glu106), and possibly an asparagine residue (Asn170). The guanidinium group of Arg83 faces the substrate at an angle almost perpendicular to the plane of the glucose ring and is therefore likely to be very important. This notion is supported by the fact that this residue is absolutely conserved in OprB orthologs ( Fig.  2 and Supplementary Fig. 2 ). Glu106 is also likely to be important, with hydrogen bonds mediated both by the carbonyl oxygen and by the carboxyl side chain to the C-2 and C-3 hydroxyl groups of glucose. Accordingly, Glu106 is also highly conserved ( Supplementary Fig. 2 ). Arg110 may be less important for substrate binding since its guanidinium group faces away from the substrate (Fig. 5C ) and this residue is not conserved in more distant OprB orthologs ( Supplementary Fig. 2 ). Besides these ionizable residues, another interesting eyelet residue is Leu153, the side chain of which points towards the substrate but does not contact it directly. Leu153 is also absolutely conserved (Fig. 2) , and we propose that it may orient the substrate in a way that is productive for transport. A similar role may be performed by Pro172, which is located on the other side of the substrate relative to Leu153 (Fig. 5C ).
DISCUSSION
Comparison of OprB with OprP. The phosphate channel OprP of P. aeruginosa is the closest structural homolog of OprB. The most striking difference between the two channels concerns the oligomeric state, with OprB being a monomer and OprP a trimer. In OprP, the N-termini of the monomers form an intricate "tricorn" motif that is likely to be a major factor stabilizing the trimer (3). Since the N-terminus of our OprB preparations contains an extension with a hepta-histidine tag, it is possible that this modification would prevent trimer formation. To investigate this possibility we expressed OprP in E. coli with an identical N-terminal extension as OprB, including a histidine tag. Upon purification we find that OprP still forms trimers (Fig. 1B) , demonstrating that (i) the E. coli OM protein integration machinery is capable of assembling trimers of P. aeruginosa OM proteins, and (ii) the N-terminal extension does not prevent trimer formation. We conclude from these data that OprB is likely to function as a monomeric channel. Our results are consistent with the recent characterization of an OprB ortholog purified from P. putida CSV86 (26). Here, the authors report a molecular mass of ~130 kDa for OprB using gel filtration chromatography, which they interpret as a trimer. However, taking into account that the protein was purified and analyzed in Triton X-100 which forms large micelles of ~90 kDa, these results in fact suggest that OprB is a monomer. The monomeric character of OprB is significant, since all other known 16-stranded β-barrels form trimers.
A more detailed comparison between OprB and OprP shows that the transmembrane parts of the barrels are very similar (Fig. 6) , which is consistent with the DALI alignment of ~300 residues (~70% of the total sequence). The extracellular loops, on the other hand, are completely different between both channels. This can be illustrated by the architecture of the eyelet. In OprP, loop L2 is short and does not fold back into the channel. By contrast, the L2 loop in OprB is much longer and part of the eyelet. L3 has an important role in both proteins, and indeed in all known 16-and 18-stranded β-barrels, in constricting the channel. Finally, loop L5 has a remarkable structure in OprP, where it is very long and crosses the entire barrel, forming the entrance of the phosphate channel. In OprB, L5 is long as well, but it does not fold back inside the barrel (Fig. 6 ). It could be argued that this particular conformation may be a consequence of crystal packing contacts. While this may be the case, the distinct lack of conserved residues within L5 (Fig. 2) suggests that this loop does not play a role in channel formation in OprB.
The OprB structure explains the preference of pseudomonads for monosaccharides. An interesting property of pseudomonads is that while they can utilize many compounds for growth, most of these have molecular masses smaller than ~200 Da. This preference can be partly explained by the absence of non-specific, large channel porins in pseudomonads. However, the preference for small growth substrates extends to sugars as well, as shown by the low uptake activities of F1OprB-1 for disaccharides (Fig. 3) . How can this be reconciled with the fact that sugar channels from Enterobacteria (e.g. E. coli LamB) prefer oligosaccharides (31-33)? Using macroscopic conductance experiments and purified OprB, it was shown previously that the binding constants for glucose are approximately 100 mM both for LamB and P.putida (ATCC 12633) OprB (14,34). For LamB, maltose-oligosaccharides of increasing chain length bind progressively better to the channel, with the tightest binding observed for maltopentaose (~0.1 mM; 34). By contrast, for P. putida OprB the highest binding affinity is observed for maltose (~30 mM; 14). With longer carbohydrates binding becomes worse, and for compounds longer than three glucose units (maltotriose), binding is not measurable. From these data, Hancock and colleagues predicted that the binding site in OprB would be much shorter than that in LamB and related channels (14) . A comparison of the OprB and the LamB structures reveals that this prediction was correct (Fig. 7) . In LamB, malto-oligosaccharides bind via van der Waals interactions to the greasy slide, an extended binding site formed by a row of aromatic residues that protrude from the barrel wall and line the channel (Tyr41, Tyr6, Trp430, Trp358 and Phe226; Fig. 7A ) (6) . The interactions between the greasy slide and the substrates are made possible because of the concave shape of the 18-stranded LamB β-barrel, bringing strands S1, S2 and S18 and their greasy slide residues Tyr6, Tyr41 and Trp420 in close proximity to the substrate (Fig. 7A) . Besides the aromatics in the greasy slide, two additional aromatic residues in loop L3 (Phe106, Tyr118) provide potential interactions with the substrates. By contrast, in OprB there is a striking lack of aromatic residues lining the channel (Fig. 5 and Fig.  7B ). Trp108 and Trp171 are the only two aromatics that could potentially interact with substrates, and they are not in close proximity to each other. Moreover, even if the wall of the channel would contain aromatic residues (as in LamB), the more circular shape of the OprB barrel would ensure that these would not be close to the substrate in the center of the channel. Thus, the shape of the barrel and the lack of aromatic residues in OprB result in a very different carbohydrate binding site compared to LamB and the sucrose channel ScrY (35). The shape of the barrel may also be a major contributing factor as to why OprB is a monomer. In LamB (as well as in OmpF/C), the large trimer interface is made possible by the shape of the barrel (Fig. 7A) . A more circular shaped barrel, as for OprB, would limit the extent of a trimer interface.
In addition to substrate gliding over the aromatic residues of the greasy slide, hydrogen bonds between the hydroxyl groups of the substrate and ionizable residues of the channel are important for substrate transport in LamB ("polar track"; 8). Two arginine residues and one acidic residue interact with each of the two glucose molecules that are present within the eyelet of the LamBmaltohexaose structure (Fig. 7A) . A very similar situation is encountered in OprB, with Arg83, Arg110 and Glu106 forming hydrogen bonds with the substrate (Fig. 5) . However, there is only one set of ionizable residues in OprB, i.e. this channel has a polar patch rather than the polar track present within LamB. Together, the structural differences between the eyelets of OprB and LamB clearly explain their preferences for monoand oligosaccharides, respectively. Interestingly, there are a number of Enterobacteriaceae (e.g. Klebsiella pneumoniae) that have both LamB and OprB orthologs in their genomes, a feature that presumably ensures the efficient uptake of both small and large sugar molecules. The figure was made using the APBS plugin within PYMOL (36). The PQR file was generated using the PDB2PQR server (37). Strand S15 Stabilizes loops L2/L3 via side chain H-bonds Gly402
Loop L8 Allows tight turn Phe421
Strand S16 C-terminus; BamA recognition sequence ______________________________________________________________________________ 1 Based on the CLUSTALW alignment shown in Supplementary Fig. 2 2 Conserved residues in the trans-membrane segments and exposed to the lipid are not listed
